The isolation of elements driving high-level expression of foreign genes in mycobacteria would significantly aid characterization of mycobacterial antigens and recombinant vaccine development. Mycobacterium smegmatis is a widely employed host for recombinant mycobacterial gene expression. This report describes the identification of strong promoter elements of M. smegmatis. Fluorescenceactivated cell sorting was employed to isolate DNA fragments permitting high-level expression of the Aequorea victoria green fluorescent protein within recombinant M. smegmatis. Ten postulated M. smegmatis promoters were identified which showed activity two to six times that of the strong L-lactamase promoter of Mycobacterium fortuitum. The utility of one of these promoters for the over-expression of foreign genes in mycobacteria was demonstrated by the efficient purification of the Mycobacterium leprae 35-kDa antigen from recombinant M. smegmatis.
Introduction
Improved vaccines and speci¢c diagnostic tools are required to combat the continuing problem posed by mycobacterial diseases, in particular tuberculosis and leprosy. Mycobacterial proteins for vaccine/diagnostic use would ideally be produced in a recombinant form that resembles that of their native counterpart. Numerous studies have highlighted the superiority of recombinant protein puri¢ed from mycobacterial hosts, such as Mycobacterium smegmatis, compared to Escherichia coli-derived products, as assessed by structural and immunological analysis [1^4] . The isolation of strong mycobacterial promoters would permit improved expression of foreign genes in mycobacteria and thus aid protein puri¢cation and recombinant vaccine development. We have previously isolated a panel of strong promoters of Mycobacterium tuberculosis and showed that they function poorly in M. smegmatis, suggesting di¡erences in transcription machinery amongst mycobacterial species [5] . We therefore hypothesized that high-level expression of genes in M. smegmatis would require the isolation of promoters that function optimally in this species, ideally derived from M. smegmatis itself. In this study we have isolated strong expression signals of M. smegmatis, and demonstrated their application for the e⁄cient puri¢cation of foreign proteins from this mycobacterial host.
Materials and methods

Bacterial strains and media
E. coli DH5K was grown on liquid or solid Luria^Ber-tani medium. M. smegmatis mc 2 155 was grown in liquid Middlebrook 7H9 medium (Difco Laboratories, Detroit, MI, USA) supplemented with ADC enrichment (Difco) or solid Middlebrook 7H11 medium (Difco) supplemented with OADC enrichment (Difco). When required, the antibiotic kanamycin was added at a concentration of 25 Wg ml 31 for both E. coli and mycobacteria.
M. smegmatis genome library construction
M. smegmatis DNA was extracted as previously described [6] and partially digested with Sau3A. DNA was run on low-melting-temperature agarose (Bio-Rad Laboratories, Richmond, CA, USA) and the 200-bp to 2-kb fraction puri¢ed (QIAquick gel extraction kit, Qiagen, Hilden, Germany) and ligated to dephosphorylated, BamHIdigested pJUG5 [7] . DNA was extracted from approximately 15 000 recombinant E. coli colonies and electroporated into M. smegmatis. Preparation of competent cells and electroporation of mycobacteria was carried out as described previously [8] .
Isolation and analysis of £uorescent bacteria
The M. smegmatis library was expanded in 7H9 culture medium and the top 5% of £uorescent bacteria were collected by £uorescence-associated cell sorting (FACS) using a FacStar plus (Becton-Dickinson Immunocytometry Systems, Franklin Lake, MD, USA). After plating on Middlebrook 7H11 solid medium and expansion in 7H9 broth, the £uorescence of individual colonies was analyzed by £ow cytometry (FACScan, Becton-Dickinson). The geometric mean of £uorescence for bacterial populations was determined using the Cell Quest program (BectonDickinson). The identity of the M. smegmatis insert was determined by polymerase chain reaction ampli¢cation using primers BCGPR.FOR1 (5P-AACGGGATCCAAGC-ATAAAGCTAGT) and BCGPR.REV (5P-TTACGGAT-CCGTATATCTCCTTCTT) and subsequent sequencing. DNA homologies were determined by comparison with the non-annotated genome sequence of M. smegmatis (http://tigrblast.tigr.org/) and the complete sequence of M. tuberculosis H37Rv [9] (http://genolist.pasteur.fr/ TubercuList/). The presence of potential promoter sequences was determined using the BDGP Neural Network Promoter Prediction Program [10] (www.fruit£y.org/seq_ tools/promoter.html).
Vector construction
To construct vectors expressing the Mycobacterium leprae 35-kDa protein in M. smegmatis, the 500-bp fragment of clone SP1 and the 1.2-kb Mycobacterium fortuitum pBlaF* fragment from pJUG1 [7] were cloned separately into the super-linker vector pSL1180 (Amersham Biosciences, Castle Hill, Australia), yielding plasmids pJEX71 and pJEX79 respectively. The coding region of the M. leprae 35-kDa antigen was ampli¢ed from plasmid pLJ3 [11] and cloned into either pJEX71 or pJEX79, resulting in pJEX76 and pJEX80. pJEX77, which contains the 35-kDa gene controlled by the SP1 promoter, was constructed by placing the 1.5-kb BamHI/PvuII fragment from pJEX76 into the E. coli^mycobacterial shuttle vector pJUG5 [7] . Likewise, pJEX81, containing the 35-kDa gene under the control of the pblaF* promoter, was made by insertion of the 2.2-kb BglII/HindIII fragment of pJEX80 into pJUG5.
Protein detection and puri¢cation
The amount of M. leprae 35-kDa protein present in lysates of recombinant M. smegmatis was determined by capture enzyme-linked immunosorbent assay (ELISA) as previously described [12] . The 35-kDa protein was puri¢ed from M. smegmatis transformed with pJEX77 by monoclonal antibody (mAb) a⁄nity chromatography as described previously [3] . In a ¢rst step to isolate strong promoter sequences of M. smegmatis, a library of Sau3A-digested M. smegmatis DNA was constructed in the vector pJUG5 [7] , which contains a promoterless copy of the gene encoding the Aequorea victoria green £uorescent protein (GFP) [13] . The library was transformed into M. smegmatis, which resulted in a pool of recombinant M. smegmatis clones displaying varying levels of GFP expression (Fig. 1A) . The top 5% of £uorescent bacteria were collected by cell sorting resulting in a highly £uorescent population (Fig.  1B) . After isolation of single bacterial colonies, 32 clones identi¢ed as strongly £uorescent were selected and analyzed further.
We considered that promoters of interest should be signi¢cantly stronger than current expression signals used to drive gene expression in mycobacteria. We compared by £ow cytometry the £uorescence of the selected clones with that of M. smegmatis containing the pJUG1 plasmid [7] . This plasmid contains the gfp gene under the control of the L-lactamase promoter (pblaF*) of M. fortuitum, a promoter we have successfully used to overexpress and purify a variety of mycobacterial antigens from recombinant M. smegmatis [3, 4, 14] . Restriction mapping and sequence analysis of the 32 clones revealed that 10 di¡erent M. smegmatis sequences were present, with £uorescence ranging from two to six times greater than the level of GFP expression driven by the pblaF* promoter of M. smegmatis/pJUG1 (Fig. 2) . All sequences were located in the non-annotated sequence of the M. smegmatis genome (Table 1 ; http://tigrblast.tigr.org). Analysis of sequences surrounding the promoter fragments revealed that eight of the 10 strong promoters (SP1^3, SP5^9) were located upstream of potential coding regions (data not shown). The remaining two fragments, SP4 and 10, were situated within potential coding regions, and may represent cryptic promoters. Orthologous sequences for nine of the 10 promoter fragments were present in M. tuberculosis, with a number of these situated upstream of predicted genes (see www.centenary.usyd.edu.au/pubs/ additions/smegres.html).
The cloned fragments were next analyzed using the BDGP Neural Network Promoter Prediction Program [10] , in order to identify possible promoter sequences. We were able to identify 310 and 335 hexamers homologous to the consensus sequences of both E. coli [15] and mycobacterial promoters [16] (see www.centenary.usyd. edu.au/pubs/additions/smegres.html). The predicted promoters did not show patterns indicating a common sequence amongst promoters permitting high levels of gfp transcription in M. smegmatis.
Overexpression and puri¢cation of the M. leprae
35-kDa antigen from recombinant M. smegmatis
The promoter element present within clone SP1 permitted consistent, high-level expression of GFP within M. smegmatis. We therefore postulated that this particular promoter could be useful to drive expression of other foreign genes within M. smegmatis. We selected for these studies the M. leprae 35-kDa protein, a major antigen of the leprosy bacillus and a promising candidate as a M. leprae-speci¢c diagnostic reagent [3] . Two constructs were made to assess the expression of the M. leprae 35-kDa protein-encoding gene in M. smegmatis. The ¢rst, pJEX77, contained the 35-kDa gene controlled by the 500-bp promoter fragment of pSP1, within the E. colim ycobacterial shuttle vector pJUG5 [7] . The second construct, pJEX81, contained the same 35-kDa gene under the control of the M. fortuitum pblaF* fragment [17] in pJUG5. Plasmids pJEX77 and pJEX81 were transformed into M. smegmatis and the amount of soluble 35-kDa protein present in cell lysates determined by capture ELI-SA. M. smegmatis harboring pJEX77 consistently displayed higher levels of 35-kDa protein in cell lysates compared to M. smegmatis/pJEX81, producing approximately two-fold more protein (Fig. 3A) . This superiority of the SP1 promoter over pblaF* was less than the six-fold increase in GFP £uorescence using SP1 compared to pblaF* (Fig. 2) . This discrepancy may re£ect di¡erences in the stability of the two proteins or variability when comparing a Fluorescence intensity of bacterial populations was determined by £ow cytometry and is expressed as the mean £uorescence þ S.E.M. b Locations of sequences in the M. smegmatis genome were determined as described in Section 2.3 and are represented as the contig number and position of the ¢rst base in the contig corresponding to the start of the isolated promoter fragment. actual protein levels with reporter protein £uorescence. The increased production of recombinant protein in M. smegmatis/pJEX77 permitted the e⁄cient puri¢cation of 35-kDa antigen by single-step mAb a⁄nity chromatography (Fig. 3B ).
In this report we have identi¢ed strong expression signals of M. smegmatis, and demonstrated that one such promoter allowed e⁄cient puri¢cation of a foreign antigen from this fast-growing mycobacterial host. This study further highlights the use of FACS as a simple and e⁄cient technique to select mycobacterial promoter elements with elevated activity. The ability to improve foreign gene expression in M. smegmatis will permit the production of native-like recombinant mycobacterial proteins, permitting the proper characterization of mycobacterial antigens and in turn assisting development of improved diagnostic tests and vaccines.
